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THE BIOCHEMICAL AND STRUCTURAL
ORGANIZATION OF MITOCHONDRIA
The Ninth Edsel B. Ford Lecturet
ALBERT L . LEHNINGER, Ph.D.*

Recent research on the mechanism of oxidative phosphorylation, the swelling
and contraction of mitochondria, and their ultrastructure, has made possible some new
correlations between the action of the respiratory enzymes, the structural states of
these cellular "power plants", and new information on control mechanisms.
It is now established that the double membranes of the mitochondrion contain
catalytic "assemblies" of molecules of the phosphorylating respiratory chain enzymes
which exist in recurring units, a single liver mitochondrion having perhaps 10,000
of such "assemblies", which thus make up a substantial fraction, perhaps up to 40%,
of the lipoprotein substance of the membranes. These membranes are not simply
"dead" walls, but actually complex multienzyme systems which could be expected
to confer some specificity and control over the exit and entry of substrates and
end products and thus control the metabolic functions of the mitochondria.
The isolation and identification of the specific enzyme molecules participating
in the respiratory chain and in the energy-coupling mechanisms thus not only reveal
information about the mechanism of oxidative phosphorylation, itself one of the most
fundamental problems in contemporary biochemistry, but also provide information
about the molecular structure of the membrane. Two intermediate enzymes of energy
coupling have been obtained in soluble, highly purified form from fragments of the
mitochondrial membrane. The first is an enzyme catalyzing the reversible exchange
of labeled ADP with unlabled ATP, which is responsible for the terminal step in
ATP formation. This soluble purified ATP-ADP exchange enzyme can be recombined
again, with specific, empty binding sdes on the membrane fragments, to restore the
normal enzymatic connection of this enzyme with a preceding enzyme of the energycoupling sequence. This specific recombination of the nucleotide exchange enzyme
requires a second soluble purified protein, designated M-factor, which may be the
preceding enzyme of the coupling sequence. Availability of these two proteins in
purified soluble form thus makes possible partial reconstruction of this "solid-state"
enzyme system and with d, partial reconstruction of the functional membrane.
These developments have been paralleled and supplemented by studies of the
biochemical aspects of the specific sweding and contraction of intact mitochondria,
both of which are processes dependent on the function of the respiratory assemblies
in the mitochondria membrane. The "active" sweding of mitochondria, with uptake
of water, as induced by the specific intracellular agents Ca++, phosphate, thyroxine,
or reduced glutathione, requires electron transport along the respiratory chain, since
it is inhibited by the respiratory chain inhibitors, cyanide and antimycin A, as wed
as by the uncoupling agent 2,4-dinitrophenol. Swelling of mitochondria is also prevented
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by the presence of ATP. The action of specific sweding agents is also prevented when
the mitochondria are made anaerobic and it is now certain from such experiments
that some respiration is necessary in order for the mitochondria to be susceptible
to the action of these specific swelling agents.
When mitochondria swell in the presence of these specific agents, they not only
take up water, but they increase their permeability to certain test solutes such as
sucrose. They also undergo enzymatic changes. The first change which is evident
is a loosening of the normally "tight coupling" between phosphorylation and respiration i.e. respiration loses its dependence on the presence of ADP. The "loose
coupling" of respiration produced during swelling signifies the loss of an important
control over the rate of respiration; for example this condition is often seen in mitochondria isolated from hyperthyroid rats. On further swelling, other changes occur.
DPN is lost from the mitochondria on drastic swelling and the abdity to phosphorylate
ADP then diminishes. "Active" sweding thus causes changes not only in the morphology
and volume of the mitochondrion but also in the integration and control of the complex
respiratory chain and its energy-transducing mechanisms.
Mitochondria which have undergone swelling by such agents can be contracted
again by the addition of ATP. The contraction of mdochondria, like the swelling
phase, is also geared to the action of the respiratory chain and the coupling enzymes;
however the mode of "gearing" is different in the two phases. Anaerobiosis and inhibition
of the respiratory chain do not prevent contraction by ATP, nor does dinitrophenol.
On the other hand other uncoupling agents for oxidative phosphorylation such as
sucrose and sodium azide do prevent the contraction, which therefore requires the
integrity of only a portion of the repiratory assembly, particularly the enzymes responsible for the formation of ATP.
During contraction of mdochondria induced by ATP, water is extruded; as
many as 3000 moles of water may be extruded per mole of ATP split. Since the contraction and water extrusion proceed at a rate which is relatively independent of the
ionic composition of the medium and occurs also in mitochondria which no longer
are capable of active transport of K + , it is concluded that the water extrusion is the
result of a contractde process in the membrane, rather than a secondary process to
active ion transport.
These findings thus indicate that mitochondrial structure and volume represent
a dynamic balance between forces tending to cause swelling and those tending to cause
contraction of the structure. Such a picture could account for the plasticity of shape
of mitochondria seen in certain types of cell such as the fibroblast. It appears possible
that the swelling and contraction cycle is involved in active transport and water
movement in cells, such as the renal tubule cell, where it is now known from the
work of Rhodin that the mitochondria are aligned in the axis of active transport.
Such changes of structure which are geared to reaction of the respiratory chain, are
also in turn capable of causing alterations in respiratory rate or in respiratory control
by either phosphate or ADP, thus suggesting the occurence of a complex feed-back
control system.
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To account for the change in membrane properties in the presence of ATP, it
is postulated that some of the enzyme molecules present in the mitochondrial membrane
are "mechano-enzymes", a term that Engelhardt originally proposed to designate contractde proteins such as actomyosin. Thus if the coupling enzymes in the respiratory
chain are capable of a change of shape, configuration, or charge distribution, depending upon whether or not they are in the phosphorylated state, then it is possible to see
how the mechanical properties as well as the permeabdity changes are a function of
the respiratory state of the membrane. Actually actomyosin, the contractile element
of muscle, and the energy coupling systems of the respiratory chain have many
biochemical features in common such as their ATP-ase activity, nucleotide specificity,
stimulation by dinitrophenol, and the occurrence of 0'° exchange reactions, all of
which suggest a functional simdarity between the two types of system.
The relationship of the swelling and contraction cycle to the mechanism of oxidative phosphorylation has been emphasized by our recent finding that a specific
mitochondrial protein called C-factor is required to effect contraction of swollen
mitochondria in the presence of ATP. This protein has been extracted from mitochondria and obtained in purified soluble form. It has now been found that such
C-factor preparations are also rich in M-factor activity. It wid be recaded that M factor is the protein which is necessary to cause the enzymatic connection between
the ADP exchange enzyme and the respiratory chain enzymes in the energy converting mechanisms. While further purification is necessary to prove identity beyond
a doubt, if they are identical, then it is evident that an intermediate protein of the
energy coupling mechanism is also involved in the contraction of mitochondria,
thus giving direct support to the "mechano-enzyme" hypothesis.
These investigations thus show the enzymatic complexity of the mitochondria
and reveal possible approaches to study of the ultimate molecular biology of membraned systems.
More complete accounts of this and related work, with full literature citations,
are given in the fodowing articles:
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